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Abstract
We present recent developments concerning Higgs production in bottom quark annihilation and gluon fusion. For
bottom quark annihilation, we show the transverse momentum distribution of the associated jets. Furthermore, we
discuss the distribution of events into n-jet bins for n=0 and n > 0 at NNLO and NLO, respectively. For gluon fusion,
the quality of the heavy-top limit for differential quantities at O(α4s) is studied by taking into account higher order
terms in the 1/mtop expansion.
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1. Introduction
After the recent discovery of a scalar particle [1, 2]
which may turn out to be the Higgs Boson the task is
now to explore its properties in detail, in particular its
fermionic and bosonic couplings. This is crucial in or-
der to identify it as a Standard Model (SM) Higgs Boson
or one embedded in a theory beyond Standard Model
(BSM) e.g. a supersymmetric (SUSY) Higgs Boson. For
this purpose precision predictions of the production and
decay rate are needed from the theoretical side [3].
In the SM the most important production mechanism
is gluon fusion, where the Higgs-gluon coupling is me-
diated through a top quark loop. Due to the compli-
cated loop structure at leading order (LO), higher or-
der correction are usually performed in the so-called
heavy-top limit, where the top quark is assumed to be
infinitely heavy. For the inclusive cross section [4–6]
the heavy-top limit has been validated to better than one
percent [7–9], while for differential observables only
rather few studies aim to validate the heavy-top approx-
imation [10–13].
In SUSY extensions, e.g. the minimal supersymmet-
ric standard model (MSSM), the associated production
of a Higgs and bottom quarks can supersede gluon fu-
sion for large tan β. Two approaches to calculate its
cross section have been pursued in the literature. In the
so-called four-flavor scheme (4FS) one assumes the pro-
ton to contain only four light quark flavors and the gluon
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[14–16], while in the five-flavor scheme (5FS) one al-
lows parton distribution functions (PDFs) for the bottom
quark in addition [17, 18]. In the 4FS, the infrared diver-
gencies of the final state bottom quarks are regulated by
a finite bottom mass mb. This leads to potentially large
logarithms ln(mb/mH). These logarithms are formally
resummed into the bottom PDFs in the 5FS.
In the first part of this talk we will present some re-
cent developments concerning Higgs+n-jet production
in bottom quark annihilation in the 5FS, where we will
focus on aspects specific to the associated jets. In the
final part of this talk we will discuss the validation of
the heavy-top limit for differential quantities in gluon
fusion.
2. Higgs+n-jet production in bottom quark annihi-
lation
Since in the MSSM bottom quark-associated Higgs pro-
duction may actually be the dominant mechanism for
Higgs production, the studies done for H+jet produc-
tion in gluon fusion should be supplemented by the
bottom-annihilation contribution. Therefore we built a
fully differential Monte Carlo integrator for Higgs+jet
production in bottom quark annihilation through NLO
[19, 20] using the well known dipole subtraction method
[21]. The corresponding LO diagrams are shown in
Fig. 1(a) and 1(b). Two representative NLO diagrams
are given in Fig. 1(c) and 1(d). Several checks on
the results have been performed: The so-called α-
parameter [22, 23] has been implemented to verify the
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Figure 1: The two LO diagrams (a) bb¯→ gH, (b) gb→ bH and two represen-
tative diagrams at NLO for (c) virtual corrections and (d) real emission.
consistency of the dipole subtraction procedure. We
compared the transverse momentum and rapidity distri-
bution of the Higgs to Ref. [24]; observables specific to
identified bottom quarks have been cross checked with
MCFM [25, 26]; and a complete comparison of quantities
including jets has been performed with the fully auto-
mated program aMC@NLO [27–30].
We present results for the LHC at 7 TeV with a Higgs
mass of 120 GeV. The central factorization- (µF) and
renormalization-scale (µR) is µ0 ≡ mH/4. Furthermore,
all numbers are produced with the MSTW2008 [31]
PDFs and the corresponding strong coupling constant.
We insert the bottom quark mass of the bb¯H Yukawa
coupling in the MS-scheme at the scale µR, derived from
mb(mb) = 4.2 GeV. Jets are defined using the anti-kT al-
gorithm with jet radius R = 0.4, pjetT > 20 GeV and|yjet| < 4.8. The results are given in the SM, but accord-
ing to the studies of [32, 33], they are applicable to the
MSSM by simply rescaling the bb¯H coupling.
In Fig. 2 we show the transverse momentum distribu-
tion of the hardest jet and the corresponding K-factor.
To account for effects of high-pT jets, the central scale
choice is modified to be
µF = µR =
1
4
√
m2H + (p
jet
T,1)
2. (1)
For this scale choice we observe rather small perturba-
tive corrections < 10% and a flat dependence of the K-
factor once pjetT,1 is larger than 50 GeV.
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Figure 2: (a) Transverse momentum distribution of the hardest jet and (b) the
corresponding K-factor. From Ref. [20].
With the knowledge of the total cross section [18] our
machinery is capable of calculating the jet-vetoed (or
H + 0-jet) cross section at NNLO by simply subtracting
the jet contributions from the total cross section
σjet-veto ≡ σ0−jet = σtot − σ≥1−jet. (2)
This allows us to evaluate the distribution of events into
H + n-jet bins for n = 0, 1, 2 at NNLO, NLO and LO,
respectively.1
In Fig. 3(a) the decomposition of the total inclusive
cross section (solid, red, no uncertainties) into the ex-
clusive H + 0-jet (black, dotted) and inclusive H+jet
(blue, dashed) rate is shown. Fig. 3(b) illustrates the
relative contributions normalized by the total cross sec-
tion. Similar to what was found for gluon fusion [35] the
contributions including jets increase for higher Higgs
masses. The error bands emerge from the quadratically
added PDF [31] and the scale uncertainties. We vary µR
and µF around the central scale µ0 within [0.5µ0, 2µ0].
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Figure 3: (a) Higgs mass dependence of the H + 0- and ≥ 1-jet contributions
to the total cross section at NNLO and NLO, respectively, from Ref. [20], and
(b) the relative contributions normalized by the total cross section.
3. Validation of the heavy-top limit for differential
Higgs production in gluon fusion
In the second part of this talk we investigate the question
if the heavy-top approximation of the gluon fusion cross
section prediction is an accurate approach for differen-
tial quantities. Since higher order corrections, beyond
NLO, of the gluon fusion process with the exact top
mass dependence are not feasible with current technol-
ogy, the usual procedure is to calculate the size of per-
turbative corrections in the heavy-top limit and rescale
the cross section including the exact top mass depen-
dence by the obtained K-factor. The top mass effects
1The fully differential cross section for bb¯ → H through NNLO
was obtained recently [34].
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Figure 4: Representative diagrams for H+jet production in gluon fusion at (a),
(b) LO and (c), (d) NLO.
are considered to be small in this procedure. This has
been proven to be true to better than 1% for the total
inclusive cross section at NNLO [8, 9].
For differential observables [36, 37], however, there
exist rather few studies concerning the validity of the
heavy-top approach [10–12]. In this section we ana-
lyze the quality of the heavy-top limit for distributions
at O(α4s) using the calculation of subleading terms in the
1/m2top expansion for Higgs+jet production in gluon fu-
sion through NLO [38]. In Fig. 4 some representative
diagrams at LO (a), (b) and NLO (c), (d) are shown.
The matrix elements were obtained from the authors
of Ref. [7, 8]. The cancellation of infrared divergen-
cies was achieved using dipole subtraction [21]. We
have performed a number of checks on our results. The
most important one is the comparison of the heavy-top
limit with the non-resummed part of HqT [39]. The
proper implementation of the dipoles for both the lead-
ing and subleading terms in 1/mtop was checked by the
α-parameter [22, 23].
We use the input parameters according to Sect. 2 ex-
cept for the center of mass energy which we choose to
be 14 TeV. This allows us more general conclusions,
since the heavy-top approximation is assumed to work
worse for higher center of mass energies. Furthermore,
we insert an on-shell top mass of mOStop = 172 GeV.
Fig. 5 shows the semi-inclusive cross section at LO
defined with a simple cut on the transverse momentum
of the Higgs
σ(pHT > p
cut
T ) =
∫
pHT >p
cut
T
dpHT
dσ
dpHT
(3)
as a function of mH , divided into the individual partonic
sub-processes gg, gq and the sum of both.2 All cross
sections are normalized to the rate with the exact top
mass dependence. The dotted green and dashed blue
lines denote the normalized cross sections in the pure
heavy-top limit and the cross section up to 1/m2top, re-
spectively. Looking at the full result in the right plot it
2Here and in what follows we omit all qq¯ and qq′ contributions,
since they amount to less than 1% to the cross section.
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Figure 5: Ratio of the semi-inclusive LO cross section from Eq. (3) for pHT > 30
GeV when expanded up to 1/mntop to the exact top mass result, for n = 0 (green,
dotted) and n = 2 (blue, dashed). Left: only gg; center: only qg; right: sum of
gg and qg. From Ref. [38].
is clear that already at LO the heavy-top limit deviates
between 1 − 12% from the exact cross section in the
given Higgs mass range and about 2 − 3% for a Higgs
mass of 125 GeV. This substantiates the importance of
reweighting the LO rate including the exact top mass
dependence to reduce the uncertainty due to the missing
top mass effects.
In Fig. 6 we examine the K-factor K = σNLO/σLO of
the semi-inclusive cross section in Eq. (3) as a function
of mH for the individual channels, where K0 denotes the
K-factor in the heavy-top limit (dotted green) and K2 in-
cludes all terms up to 1/m2top (dashed blue). The agree-
ment between K0 and K2 for the gg channel is truly re-
markable while for the gq channel we find a difference
of 5 − 10%. Due to the numerical dominance of gg, the
overall agreement between K0 and K2 is around 3%.
Considering a more differential quantity we show the
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Figure 6: K-factors of the semi-inclusive cross section in the pure heavy-top
approximation K0 and including subleading 1/m2top terms K2, separately for the
channels gg, gq and their sum. The dots show the results of our calculation; the
lines have been introduced to guide the eye. From Ref. [38].
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Figure 7: Same as Fig. 6, but for the differential cross section dσ/dpHT . From
Ref. [38].
pHT -dependent K-factors in Fig. 7. The observations are
similar to what we found for the semi-inclusive cross
section: the K-factors including leading and subleading
mass terms, K0 and K2, are almost identical in the gg
channel. For the gq channel, however, the agreement
gets lost once pHT > 150 GeV. In the sum of both chan-
nels, the difference remains below 3% for pHT < 150
GeV, and reaches 10% at pHT = 300 GeV.
4. Conclusions
The transverse momentum distribution of the hardest jet
at NLO and the individual contributions of H+n-jet rates
for n = 0 (jet-veto) and n ≥ 1 to the total inclusive cross
section for Higgs production in bottom quark annihila-
tion have been presented to NNLO and NLO accuracy.
In the second part of this talk we analyzed the va-
lidity of the heavy-top approach for differential quanti-
ties in gluon fusion. The behaviour of the K-factors in-
cluding subleading top mass terms with respect to the
pure heavy-top K-factors suggests that, for quantities
which are integrated over pHT and the p
H
T -distribution for
pHT < 150 GeV, the QCD corrections can be safely calcu-
lated in the heavy-top limit; the accuracy remains within
2 − 3%. The best prediction, however, should be calcu-
lated at LO using the full top-mass dependence, and then
reweighted by these QCD corrections.
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